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Abstract. The effects of model initial conditions and the starting earlier. One expects the climate response of such an experiment to
time of transient radiative forcings on global mean surface airbe less than that produced by a similarly configured but longer
temperature (SAT) and the North Atlantic thermohaline circulation model run that uses a control model state to represent pre-industrial
(THC) are studied in a set of coupled climate GCM experiments.conditions. Initialization techniques of this type can yield a “cold
Nine climate change scenario experiments, in which the effectivestart error” (.e., a persistent underestimation of a simulated climate
levels of greenhouse gases and tropospheric sulfate aerosols varyresponse), the magnitude of which can be estimated in some cases
time, are initialized from various points in a long control model run. using linear response theorggisselmann et g11993].
The time at which the transition from constant to transient radiative  Here, we examine a suite of nine climate change experiments
forcing takes place is varied in the scenario runs, occurring at pointgenerated using a version of a global coupled ocean-atmosphere
representing either year 1766, 1866 or 1916. The sensitivity ofGCM developed at NOAA's Geophysical Fluid Dynamics
projected 21st century global mean SATs and the THC to the choicéLaboratory (GFDL). Results of the earlier version of this model
of radiative forcing transition point is small, and is similar in were presented in the Intergovernmental Panel on Climate
magnitude to the variability arising from variations in the coupled Change’s (IPCC’s) scientific assessmen®gC, 1990;IPCC,
GCM's initial three-dimensional state. 1996]. It is now feasible to run a suite of climate change experi-
ments with an updated version of this model. The suite of runs is
used to study the sensitivity of simulated global mean surface air
Introduction temperature (SAT) and the North Atlantic thermohaline circulation
(THC) to the choice of initial conditions and radiative forcing time

Coupled atmosphere-ocean general circulation modelsyjsiories {e, the length of the transient simulation).
(CGCMs) forced with increasing greenhouse gases (GHGs) anc

the direct effect of tropospheric sulfate aerosols have been found t o ) )
simulate 20th century surface air temperature (SAT) records betteModel Description and Experimental Design
than CGCM scenario experiments that include only GHG forcing

[IPCC, 1996]. Historical reconstructions and future projections of climate model used here is very similar to the CGCNViznabe et

GHG and sulfate aerosol levels are prescribed in these transiery 119911 The earlier version's control state and its responses to
climate change scenario experiments (referred to as GHG+SU[transient climate forcings have been reported previouslg,[
model runs). In GHG+SUL simulations, the tropospheric sulfate Manabe et al. 1991:Delworth et al, 1993:Manabe and Stouffer
aerosols’ direct effect (cooling due to the aerosol's reflection of 1994:Haywood et 51.1997]. A brief model description is offered

shortwave radiation back to space) can be parameterized by, including mention of some differences between the earlier
spatially and temporally varying surface albedbBtEhell et al, model version and the one used here

1995]. Yet, uncertainties remain regarding the actual quantitative The coupled model incorporates GCMs of the global

impact of aerosols and other atmospheric constituents on rad'at'v'atmosphere and ocean with simpler sea ice and land hydrology

forcing and the global climaté{ansen et al.1997]. _models. The atmospheric spectral model uses rhomboidal 15
Since state-of-the-art CGCMs are computationally demanding  ncation and has 9 vertical levels. The atmospheric model yields

researchers are limited in the number and length of climate changwan annual mean, global mean, top of the atmosphere net radiative
scenario runs that can be performed with their most costly modelsﬂux imbalance of less than 1 Wfwhen current SST climatol-
Computational constraints lead to experimental design cOmpro,gies are imposed as lower boundary conditions. Soil moisture

mises, as a balance is sought between CGCM complexity, spati¢.5|cjations are performed using a 0.15m bucket hydrology model,
resolution, and the duration and number of simulations conductedwi,[rl each grid point's runoff assigned to a river drainage basin

A climate change experiment needs to be ~300 years in length t‘a\ccording to observations (the earlier model version routed runoff
extend from pre-industrial times to the late 21st century. Comp“ta'following the slope of the model's spectral topography).
tiona_l ecor_lomies can be_realiz_ed by limiting the length C_’f & The global ocean model is based on the GFDL Modular Ocean
transient climate change simulation. For example, computationay;qqel version 1 Pacanowski et al1991]. It has ~4 Slatitude by
costs can be halved if one assumes that an equilibrated contreg 7g0 longitude grid spacing, 12 vertical levels and a maximum
model's state represents a time during the early 20th century (rath€ye iy of 5000m. The sea ice model predicts sea ice thickness, but
than pre-lndustrlal Conqmons), and initiates a transient forcing o fractional coverage, and its horizontal grid duplicates the ocean
experiment from that point. Yet, such an approach neglects the f""Cmodel‘s. Fourier filtering of sea ice, salinity and oceanic potential
that GHG levels actually began to increase more than a centur)temperature occurs along grid rows poleward of®Jagitude, and

affects amuch smaller area than in Manabe et al[1991] model.

The relatively coarse resolution version of the GFDL coupled

This paper is not subject to U.S. copyright. Published in 1999 The coupled GCM is driven by seasonally varying insolation

by the American Geophysical Union. entering the top of the atmosphere, without a diurnal cycle nor any
interannual variations. Once per day, fluxes of heat, freshwater and

Paper number 1999GL900382. momentum are communicated between the model’s atmosphere-
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land surface component and the ocean-sea ice component. T
reduce climate drift, heat and water flux adjustments are added t(=
the ocean model’s surface (s&mnabe et al[1991] for a
description). Although it is preferable not to use flux adjustments,
it is encouraging that an intercomparison of CGCMs found similar 2
surface temperature sensitivities to imposed GHG increases it £
models with and without flux adjustmentsiftel et al.,1998]. o
In the nine GHG+SUL experiments examined here, historical &
reconstructions of scaled, time-varying GHG levels are prescribec %
until year 1990. After 1990, a 1% per year compounded increase ir =
effective CQ levels is imposed. Temporal and spatial variations of <
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halocarbons, etc.), is 360ppmv - higher than that useddyyvood,
et al.and higher than the actual pre-industrial value of ~280 ppmv.Figure 2. Time-dependent responses of annual mean, global mean
That the control model's C®level differs from pre-industrial ~ SAT (red; scale on left) and North Atlantic THC index (blue; scale
values is addressed in GHG+SUL model runs by multiplicative on right). Solid lines show the mean response of the nine
scaling of the transient effective G@evels. This scaling is appro- GHG+SUL model runs. Color coded circles represent year-by-year
priate to the extent that a change in the net radiative i) for a maxima and minima of the nine S|_mulat|ons. Dashed horizontal
CO, change fronC, to C can be computed aft&hine et al[1990] lines represent zero response relative to the control run.
asAF = 6.3In (C/Cy).

The organization of the model experiments is depicted schemat-
ic_ally in _Figure L T_h_e three GHG+_SUL experiments initialized While both the number of experiments and variables examined
with radiative conditions r.epr.esentlng 1.January 1766 (labe,”,edhere are limited, the experimental design permits investigation of
A1766,B1766 and C1766 in Fig. 1) experience a smooth transmortwo questions relevant to the design and analysis of coupled GCM

g%néthe gontrol mt:)dgl S flc;rcmgs. I—f|o|wevz:lr, abrup:‘ chhan%es N climate change experiments. First, to what extent do the results of
s and tropospheric sultates are felt at the start of the other S'Xshorter, less computationally expensive GHG+SUL model runs

shorter scenario experiments. Effective {J€vels instantaneously differ from those produced by longer runs? And secondly, how
increase 6% when going from the control to 1866 conditions, andmight the model’s response to GHG+SUL forcings depend‘ upon

by 11% when 9°i“9 from the pontrol ‘to 1916 conditions. the choice of the coupled GCM’s initial three-dimensional state?
In the following analyses, time series of global mean SAT (the

temperature of the atmospheric GCM's lowest level) and THC
index (maximum oceanic overturning value for the model’s North Results and Discussion
Atlantic) are examined. These large-scale climatic variables are
often studied in climate change experiments, and are presumed t
have different response time scales (SAT responds faster than tr
THC). Results from the control and GHG+SUL model runs are
compared to one another in various combinations.

The control model exhibits little climate drift during the period
studied. Least-squares regression lines have been fit to the control
run’s 1300 year period extending from model years 1101 to 2400
(the period encompassing all three epochs of GHG+SUL runs). The
line fit to the annual mean, global mean SAT time series has a slope
of only -0.009K Centur')il (cooling occurs in both the Northern and
Southern Hemispheres). The trend in the annual mean THC index
time series is -0.093 Sv centity1Sv = 18 m3sY). If large trends
were present in the control run, the assumption that the nine CGCM
states used to initialize the GHG+SUL simulations represent the
same climatic regime, and therefore could be expected to yield

experiment § §§ § § §§ S § §§ § similar responses to transient climate forcings, would have been in
yearssince < - ° =@ f B © : dqubt. Although the overa!l cl?mate drift.is slight, sizable amounts
control CGCM S 5 g S S S qf internally genera}ted varlgblllty are evidentin the model at many
e perod w T TJ tlme_ scales, |ncI.ud|ng multi-decadal to century time scales.

(epoch) @ Figure 2 depicts the ensemble mean SAT and THC responses

computed from all nine GHG+SUL model runs. The range of
Figure 1. One long running CGCM control run (horizontal line) responses found among the ensemble elements is also indicated.
and nine GHG+SUL runs are depicted schematically. TheThe time varying “response” of a GHG+SUL simulation is
GHG+SUL experiments are conducted in three groups of threecomputed by subtracting a time series of a control run segment’s
(model epochs A, B, and C). Successive epochs are separated I30.year centered running means from a corresponding GHG+SUL
500 model years. Within each epoch, scenario runs of 300, 200q, yoriment's time series of annual means. By year 2065, the
and 150 years duration were initialized from the control run, with GHG+SUL experiments’ global mean SATs average ~3.3K

the transition to prescribed, time-varying GHG and tropospheric .
sulfate forcings simulating starting points of historical years 1766, Warmer than the control and the North Atlantic THC has weakened

1866 and 1916, respectively (ascending solid, dashed and dotte®n average by ~40%. Compared to their respective climate change
lines). Initialization points (triangles) were staggered so all runs in"€sponses (signals), more unforced variability (noise) is evidentin
each epoch completed year 2065 (circles) on the same time step.the THC index time series than in the SAT time series.
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Non-parametric tests are used to determine if the projected Table 2: North Atlantic THC Average Rank Results
climatic response (SAT and THC) of certain experiments or groups
of experiments differ significantly from one another. The method Group Avg. Rank  Avg. Rank  Avg. Rank
of Ebisuzaki1997] is used to generate random time series for use (n=3in each) 1916-1990  1991-2065  1916-2065
in Monte Carlo testing. The control model's SAT and THC time
series from years 1101 to 2400 are used as input to generate 500 Grouped by forcing

random time series that retain the same amplituge, pectral x1766 5.09 5.24 5.16
power) at each Fourier frequency but are randomized in phase. x1866 4.29 3.83 4.05
Monte Carlo tests performed by sampling these synthesized time ~ x1916 5.62 5.93 5.78

series provide estimates of statistical significance levels, assuming groyped by epoch

that the frequency c_haracterlstlcs of \{arlablllty in the scenario Epoch A 361 353 357

experiments are similar to those found in the control integration. Epoch B 7 06* 4.98 6.02
Testing is performed looking at the entire 150 years (1916- Epoch C 433 6.48 541

2065) for which all nine GHG+SUL model runs provide output,

and by dividing the time series into two 75 year long periods. The  Same null hyphothesis and significance level indicators as in Table 1.

SAT (or THC index) response values of all nine scenario experi-

ments are ranked from one (lowest value) to nine (highest value) ayerage ranks differ significantly from 5.0 during the final 75 years
for each year. The average rank over the period of interest is then(scenario years 1991 to 2065) when grouped by radiative forcing.
calculated and compared to similarly computed Monte Carlo test Thex1766 model runs’ ensemble mean SAT response for the latter
results. In utilizing the ranks, rather than the actual SAT or THC period is only 0.04K warmer than that of tké866 model runs, and
response values, we diminish the effects of outlying values. 0.02K warmer than th&1916 runs. (For comparison, tx&766

For purposes of statistical testing, the nine simulations are epnsemble mean warmed ~0.1K by year 1866 and ~0.3K by 1916.)
grouped into three groups of three experiments in two different These results suggest that biases introduced by initiating the
ways. First, by grouping the experiments by radiative forcing transient forcing at 1866 or 1916 rather than 1766 become indistin-
scenarioi(e., the threex1766 model runs vs1866 runs vsx1916 guishable from the noise of internal variability when considering
runs) we can determine whether the computational savingstnis model’s 21st century global mean SAT projections.
associated with the shorter simulations result in significantly During the period 1916 to 1990, little difference exists among
different climate responses. Secondly, grouping the simulations bythe SAT responses for different epochs. But, a pattern emerges
the part of the control run they were initialized froive( epoch A during the final 75 years studie a period of more rapidly changing
vs. epoch B vs. epoch C) tests the sensitivity of model results to theragiative forcing and SAT warming. The average rank results show
period of the control run used for initial conditions. Results of the that the later the initialization epoch, the greater the warming
global mean SAT average rank tests computed using these tW(esponse (epoch C warms 0.13K more than epoch A and 0.08K
methods of grouping the simulations appear in Table 1. Similarly, more than epoch B). One may speculate that the control model’'s
North Atlantic THC index results are presented in Table 2. cooling trend leads to an increased SAT response as one moves

Having experienced 150 years of slowly increasing radiative from epoch A to epoch B to epoch C, due to enhanced snow and ice
forcing, it is perhaps not surprising that the trio of longest running gjhedo feedbacks: however, other temporal changes in the control
scenario experimentx1766) have the highest (warmest) SAT = model also could play a role in generating this apparent sensitivity.
average rank during the first 75 years of comparison (significantat g achieve statistical significance, the North Atlantic THC time
the 90% confidence level). The shortest rurs916) have the  series’ average rank results shown in Table 2 must deviate further
lowest average rank, and th&866 runs’ average ranks are inter- - from 5.0 than is the case for the SAT average ranks. This is due to
mediate during this period. However, none of SAT time series’ the greater amount of internally generated low frequency variability

present in the control model’s THC time series. Note that when

interpreting the THC results, the lower the rank the greater the
Table 1: Global Mean SAT Average Rank Results r

9 — T 9 T —T

Group Avg.Rank  Avg.Rank  Avg. Rank (a) GLOBAL SAT (b) THC INDEX
(n=3 in each) 1916-1990  1991-2065  1916-2065 8 1 8

Grouped by forcing

x1766 6.00* 5.51 5.75*
x1866 4.80 4.44 4.62
x1916 4.20 5.05 4.63

Grouped by epoch

Epoch A 5.02 3.79 4.40
Epoch B 5.28 4.66 4.97
Epoch C 4.70 6.55** 5.63 L L
Null hypothesis is that avg. rank = 5.0. Significance levels of two-tailed § § § § § § § § ﬁ § § § § § § § § §
tests indicated as: * = 0.10; ** = 0.05; *** = 0.01. In the Monte Carlo I220<m0 <m0 Im0I<m0<mO

tests, epoch group variances are greater than forcing group variances. This_, . . . ,
is because the same control segment is subtracted from all 3 runs in an Figure 3. Average ranks for each of the nine scenario experiments

epoch group, while a different control segment is subtracted from each of (a) global mean SAT and (b) THC index time series computed over
the forcing group runs. So, to be statistically significant, an epoch group’s the period 1916 to 2065. Confidence levels for two-tailed tests:
avg. rank must differ from 5.0 more so than is the case for a forcing group. short dashed line = 90%, long dashed line = 95%; solid line = 99%.
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esponse to the transient climate forcing (more THC weakening). regarding the design of climate change experiments are suggested:

When grouped by radiative forcing, no statistically significant (1) sufficient sensitivity to the choice of the control simulation’s
differences are found among the THC average rank tests. Wheiocean-atmosphere initial conditions exists so that interpretations,
grouped by epoch, one of the THC average rank results differssuch as when a climate change signal emerges from the noise,
significantly from 5.0 at the 90 percent confidence level. During deduced from a single experiment should be viewed with caution,
years 1916 to 1990 of epoch B, average ranks are higher thaand (2) performing two climate change experiments with transient
expected (stronger THC). This may be the result of multi-decadalforcing starting in the early 20th century can be a computationally
variability that produced unusually weak meridional overturning and scientifically viable alternative to conducting a single, longer
during this segment of the control experiment - exposing a poten-experiment that has a completely smooth transition from pre-
tial sensitivity to the choice of defining the response of the climateindustrial radiative forcing.
change experiments as the deviation from 30-year running mean:
as opposed to using a longer term measure of the control. Tha Acknowledgments:We benefited from discussions with Jeff Anderson,
ensemble responses can depend upon the method of ComputingA|eX Hall, Isaac Held, Tom Knutson, Suki Manabe and Ron Stouffer. The
climatic response has been discusse@ulyasch et al[1994]. comments of external reviewers were greatly appreciated.
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